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Abstract 
This paper studies the submicro-hole generated by laser using a microparticle mask. Laser interaction with a 
microparticle induces a strong near-field enhancement confined to a very small area, so this enhanced field can be 
applied to create nanoscale structures on the silicon substrate. In the process of the formation for the nanostructures, 
initially the silicon substrate is locally melted due to optical field enhancement between the spherical microparticle 
and the substrate. Then the melt and mushy zones occurs and nanostructures form after solidification. In order to 
obtain a further understanding for the formation of the nanostructures on the silicon substrate, a heat transfer model is 
employed to predict the shape and size of the nanoscale fusion zone on the silicon substrate in this proposal. This 
study calculated the fusion zone induced by the scattering field of laser incident on a microparticle. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of [CEIS 2011] 
Keywords: Laser; Microparticle; Mask;  Submicrohole 
1. Introduction 
Nano-manufacturing is receiving significant attention in industry and research institutions due to the 
ever-growing interest in nanotechnology. The industrial demand for smaller structures required for the 
manufacture of quantum devices, high-density recording media, etc., have resulted in the need for 
fabrication technology at nanometer scale. Traditional materials processing in the nanometer range using 
laser technology is very difficult with conventional optics due to the diffraction limit of the beam 
wavelength. Recently, a near-field technology has been developed to circumvent the diffraction limit 
[1,2], permitting the spot size to be reduced down to 20 nm. In most near-field techniques, this resolution 
is achieved by placing a small aperture between the sample and the light source. If the aperture-to-sample 
separation is maintained to much less than a wavelength, the resolution will be determined by the aperture 
size rather than by the diffraction limit. This near-field technique using a single hollow near-field tip to 
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deliver the laser beam has been proposed for surface modification and lithography on a nanoscale due to 
optical field enhancement in the near-field [3]. However, this approach is difficult to implement in an 
industrial setting due to sophisticated hardware to control the near-field distance (approximately 5 nm 
above the surface), possible blockage of the hollow tip due to material deposition from the machined 
surface, and limited throughput. Another approach involves illuminating the tip of a scanning tunneling 
microscope or an atomic force microscope with a pulsed laser [4]. Nanostructures with lateral dimensions 
below 30 nm and therefore well below half of the laser wavelength have been produced underneath the 
tip, but with very low serial throughput.  
An approach that may lead to massively parallel nanostructuring was demonstrated by using an array 
of micro- or nanospheres as a mask to pattern a solid substrate [5-7]. If the diameter of the sphere is 
greater than the wavelength of the incident laser beam, the transparent sphere may act as a lens to focus 
the laser beam onto the substrate for surface modification. If the diameter of the sphere is equal to or 
smaller than the laser wavelength, near-field enhancement may play an important role in nanostructuring 
the substrate surface. To provide a better understanding of the phenomenon, the optical field around the 
microsphere or nanosphere and the formation of the nanostructures on the substrate should be analyzed in 
detail.  
2. Analysis 
2.1. Fluence of Incident Laser 
The laser beam with Gaussian intensity profile can be mathematically expressed as  
})](/[2exp{),(~ 22 zrzrI L ωε −                                                                       (1) 
in a plane normal to the direction z  of propagation. At a lateral distance )(zω  from z  axis, the intensity 
decays to 1/e2 of its value on axis. If the beam was projected onto a screen we would see a spot of radius 
~ )(zω , and so )(zω  is called the spot size of the Gaussian beam. Laser beams are frequently observed 
to have an intensity profile like Gaussian distribution, so we can construct a solution of )z,r(Lε  having 
the form  
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then equation (2) gives the Gaussian intensity profile of equation (1). In assuming a solution of the form 
as equation (2), in which q depends on z , it means the possibility that the spot size of a Gaussian beam 
can vary with distance of propagation, which is in fact known to occur in laser beams.They should also be 
separated from the surrounding text by one space.   
Substituting equation (2) into equation (3) and using the constraint condition equation (4), )z,r(Lε
was obtained 
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where the parameter 0ω  is the minimum spot size. It is the beam spot size at the plane z =0.
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The Rayleigh range is defined by 0z
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and is a measure of the length of the waist region, where the spot size is smallest. 
2.2. Scattering of Gaussian-distribution laser incident upon a  microparticle 
Based on Huygens’ principle, the scattered field of Gaussian distribution plane wave incident upon the 
spheroid of microparticle is  
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2.3. Heat transfer model 
As shown in Fig. 1, a heat transfer model is used to predict the temperature and fusion zone in the 
silicon, which indicates the size and shape of the melt zone. Calculation of the laser intensity 
enhancement provides a heat source in this model of the heat transfer within the substrate. The about 6ns 
duration of the laser pulse allows the use of Fourier conduction within the substrate, which is modeled as 
a semi-infinite slab. The three-dimensional thermal model follows as 
q
y
TD
yx
TD
xt
h
+
∂
∂
∂
∂
+
∂
∂
∂
∂
=
∂
∂ )()(ρ                                                          (11) 
with the generation term q is equal to  
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where R is the reflectivity of silicon dependent on the wavelength of the incident light and phase of the 
silicon, and α  is the absorption coefficient, given by  
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in Eq. (15), qinc is the enhanced value of laser energy obtained from the analysis of laser intensity 
scattered by a microsphere. At the surface of the substrate in the presence of opaque liquid silicon, an 
energy conserving boundary condition is used to account for energy loss due to radiation, which was 
found to be significant 
)()( 44 aca TThTTz
TD −+−=
∂
∂
εσ                                                                   (16)
where σ is the Stephan-Boltzman constant, aT  is the ambient temperature, ch  is the convection 
coefficient, the emissivity ε  of the liquid silicon is determined from the following relation   
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where the refractive indices n and kx are obtained from Jellison’s measurements for the optical properties 
of liquid silicon.  
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Fig. 1. Schematic diagram of physical system      Fig. 2. Comparison of the scattered intensity between   
                                                    this work and Heltzel et al [9]
3. Results and discussion 
This paper investigates the fusion zone induced by the scattering field of laser incident on a 
microparticle with diameter 1.76 µm. The laser with wavelength 523nm and pulse duration 6ns is 
employed in this study. Considering the absorption of the microparticle, the scattered intensity calculated 
by the present model agrees well with the results obtained from Heltzel et al [9] as shown in Fig. 2. The 
intensity of the scattering field is about fifteen times than that of laser initially incident on a microparticle. 
Furthermore, different from the energy radius of laser irradiating on a microparticle, which is about 
10µm, the energy radius of the scattering field is focused to be about 300nm. These phenomena lead to 
fabrication of nanoscale patterns. 
Figure 3 shows the fusion zone in the silicon substrate, which is generated by the scattering field of 
laser incident on a microparticle with diameter 1,76 µm. The width and depth of the laser-induced fusion 
zone are about 400nm and 150nm, respectively. However, for the case of laser directly irradiating on the 
silicon substrate, the width of fusion zone is only slightly smaller than the energy radius of incident laser 
and the depth is also shallower because the intensity of the laser scattered by a silicon microparticle is 
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fifteen times than that of incident laser. Figure 4 indicates three-dimensional temperature fileds in the 
silicon substrate irradiated by the scattering field of laser incident on a microparticle. 
4. Summary 
This paper computed the intensity distribution of the scattering field and the fusion zone induced by 
the scattering field of laser incident on a microparticle. The scattered intensity calculated by this work 
agrees with the results obtained from Heltzel et al. For a laser with wavelength 523nm and pulse duration 
6ns, irradiating on a microparticle with diameter 1.76 µm, the intensity of the scattering field is about 
fifteen times than that of laser initially incident on a microparticle and the energy distribution diameter of 
the scattering field is about 600nm. The width and depth of the fusion zone induced by the scattering field 
are about 400nm and 150nm, respectively. 
                            
Z(µm)
Fig. 3. Fusion zone ge  the scattering fields                         Fig. 4. Three-dimensional temperature fileds in the  siliconnerated byX (µm) 
                                                                                     substrate irradiated by the scattering field of laser incident on  
a microparticle. 
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